Abstract Rationale: Research concerning spatial memory in 3,4-methylenedioxymethamphetamine (MDMA) users has presented conflicting results showing either the presence or absence of spatial memory deficits. Two factors may have confounded results in abstinent users: memory task characteristics and polydrug use. Objectives: The present study aims to assess whether a single dose of MDMA affects spatial memory performance during intoxication and withdrawal phase and whether spatial memory performance after MDMA is task dependent. Materials and methods: Eighteen recreational MDMA users participated in a doubleblind, placebo-controlled, three-way crossover design. They were treated with placebo, MDMA 75 mg, and methylphenidate 20 mg. Memory tests were conducted between 1.5 and 2 h (intoxication phase) and between 25.5 and 26 h (withdrawal phase) post-dosing. Two spatial memory tasks of varying complexity were used that required either storage of stimulus location alone (spatial memory task) or memory for location as well as processing of content or contextual information (change blindness task). Results: After a single dose of MDMA, the subjects made larger localization errors and responded faster compared to placebo in the simple spatial memory task during intoxication phase. Inaccuracy was not due to increased response speed, as determined by regression analysis. Performance in the change blindness task was not affected by MDMA. Methylphenidate did not affect performance on any of the tasks. Conclusion: It is concluded that a single dose of MDMA impairs spatial memory for location but leaves processing of contextual information intact.
Introduction 3,4-Methylenedioxymethamphetamine (MDMA, Ecstasy) has been frequently associated with cognitive impairments in abstinent and/or current Ecstasy users and more particularly with problems in verbal memory (Cole and Sumnall 2003; Parrott 2001) . Research concerning spatial memory in MDMA users, however, has provided mixed results showing either the presence or absence of spatial memory deficits. It has been suggested that this discrepancy may be primarily related to the types of spatial memory task that have been employed in these studies and that tasks requiring predominantly memory storage would be less vulnerable for MDMA than spatial memory tasks requiring storage as well as contextual processing of visuospatial cues (Wareing et al. 2004) . However, there is little support for this notion when classifying spatial memory studies according to three distinguishable types of task.
First, there are studies using spatial span tasks in which subjects are required to repeat a previously seen or heard (Wareing et al. 2000) sequence, sometimes in combination with a visual decision task (Wareing et al. 2004 (Wareing et al. , 2005 . Some between-group comparisons have revealed impairment of spatial memory in Ecstasy polydrug users compared to polydrug or nondrug controls (Verkes et al. 2001; Wareing et al. 2004 Wareing et al. , 2005 , whereas others did not (Morgan 1998; Gouzoulis Mayfrank et al. 2000; Wareing et al. 2000 Wareing et al. , 2004 Wareing et al. , 2005 . A second category includes studies using "delayed matching to sample tasks" or recognition tasks. In this type of task, the subject is required to compare a previously seen pattern or location with one that is shown after a certain delay and to respond by stating whether these two are the same or not. Some studies have found Ecstasy polydrug users to be impaired on this kind of tasks, as compared to a polydrug control group (Verkes et al. 2001; Fox et al. 2001) , whereas others did not (McCann et al. 1999; Semple et al. 1999) . Fox et al. (2002) also reported conflicting results on delayed matching to sample tasks. The third category comprises studies using "search tokens tasks". In this type of task, subjects are required to find hidden objects, one at a time, in an increasing number of boxes. Once a token or object is found in a certain place during one trial, the subject has to keep in mind not to return to that place. Fox et al. (2002) demonstrated that Ecstasy users performed worse on this task, on the most difficult level, as compared to normal controls, but this finding conflicted with results from an earlier study (Semple et al. 1999) . In other words, categorization of spatial memory tasks has not yet provided additional insight into the conflicting pattern of spatial memory deficits that has emerged in studies employing current and/or abstinent drug users.
Yet, the importance of task classifications may become more apparent when another confounding factor common to most studies in MDMA users can be controlled for, that is polydrug use. It is well known that MDMA users also consume a variety of other drugs, most notably cannabis, alcohol, and cocaine (Scholey et al. 2004; Rodgers et al. 2001 ). All of these drugs have been associated with cognitive deficits (Dafters et al. 2004; Verdejo Garcia et al. 2005 ), which in turn may have confounded results from studies on spatial memory function in MDMA users. One way to circumvent the problem of drug confounding is to study the effects of MDMA on spatial memory in a placebocontrolled, double-blind study that checks for and excludes concurrent drug use during memory testing by means of drug screening in blood or urine.
The present study is a double-blind, placebo-controlled study that aims to assess whether a single dose of MDMA affects spatial memory performance during the intoxication and withdrawal phase and whether spatial memory performance after MDMA is task dependent. Two spatial memory tasks of varying complexity were used that required either storage of stimulus location alone (spatial memory task) or memory for location as well as processing of content or contextual information (change blindness task). Methylphenidate (Ritalin), a dopamine transporter blocker, was used as active control to see whether the effects of MDMA were mediated by dopamine and/or serotonin. Data presented here were part of a larger study on the acute effects of MDMA on memory and cognition. Some of its results showing a direct pharmacological link between verbal memory impairment and acute MDMA administration have been published elsewhere (Kuypers and Ramaekers 2005) .
Materials and methods

Design and treatments
The study design was double-blind, placebo-controlled, three-way crossover, with balancing of the treatments. Testing took place on two consecutive days, in three separate testing periods, with a minimum washout period of 14 days in between. On the first day of each period, participants received either 75 mg of MDMA, 20 mg of methylphenidate, or placebo. MDMA powder was dissolved in 25 ml bitter orange peel syrup and mixed with 200 ml orange juice, and methylphenidate was administered as a pill. All treatments were identical in appearance. Participants received on each first day a solution and a pill to blind them and the researcher for the treatment. The second day was identical to the first day with the exception that no drugs or placebo were given.
Participants
Twenty-eight volunteers underwent medical examination. Three volunteers were excluded from participation as they did not meet inclusion or exclusion criteria. The remaining subjects passed the medical screening and entered the study. Seven subjects dropped-out prematurely either because of private matters (three cases) or because of repeated failure to abstain from drug use in between testing days as indicated by drug urine screens on test days (four cases). Eighteen subjects, nine male and nine female, aged in the range of 20 to 39 years [mean (SD) 26.22 (5.1)] completed all study treatments. They all had used MDMA before onset of the study. Lifetime use of MDMA varied from light (<30 times) in 15 subjects to heavy (between 60 and 120 times) in three subjects. They were recruited by means of advertisements in local newspapers and the snowball technique. Potential candidates first underwent a telephonic screening. They were questioned about their drug use and medical condition and were given information about the study. They were sent a detailed brochure with information about the study procedure and two questionnaires for medical history and detailed history of drug use. Inclusion criteria were experience with MDMA use, free from psychotropic medication, good physical health, absence of major medical endocrine and neurological conditions, and normal weight (BMI 18-28 kg/ m 2 ). Exclusion criteria were history of drug abuse (other than MDMA) or addiction, pregnancy or lactation, cardiovascular abnormalities [assessed by a standard 12 lead electrocardiogram (ECG)], excessive drinking (>20 alcoholic consumptions), hypertension (diastolic >100, systolic >170), and history of psychiatric or neurological disorders. A medical doctor checked the completed list and, upon approval, the subjects were invited for a medical examination. Blood and urine samples were taken for examination and they underwent an electrocardiogram measurement. When they were found to be medically sound, they were contacted for participation. They were given a brochure with information about the study and a number of rules they had to obey during the period of the study and were made to sign an informed consent to prove that they read the information and agreed on it. They were paid upon completion of the testing periods for their participation. The study was performed in accordance with the 1975 declaration of Helsinki, adjusted in Edinburgh (2000), and approved by the Medical Ethics Committee of the Academic Hospital of Maastricht and the University of Maastricht. A permit for obtaining, storing, and administering MDMA was obtained from the Dutch drug enforcement administration.
Study procedure
Before testing days, participants were familiarized with the tests on a training day. Participants were requested to abstain from any drug use 1 week before the medical examination until 14 days after the last testing day. They were asked not to use any caffeinated or alcoholic beverages 24 h before testing and to get a normal night's sleep. Subjects were allowed to smoke but the amount of cigarettes was limited to two during the whole testing period and smoking was not allowed right before cognitive testing.
Participants were screened for alcohol use in breath and for recent drug use in urine (THC/opiates/cocaine/amphetamines/methamphetamines) upon arrival at the testing facilities at 9 A.M. Women were given a pregnancy test. When the results on all of the tests were negative, the subjects proceeded with a light breakfast and were given a sleeping questionnaire to assess sleep complaints. One hour later, subjects received drugs or placebo. One hour and a half after drug intake, a blood sample was taken to determine the MDMA/MDA or ritalinic acid concentrations in blood plasma. After blood sampling, subjects proceeded with the memory tests during the intoxication phase. Similar study procedures were followed when the subjects returned to the laboratory the following day to assess memory performance during withdrawal, i.e., between 25.5 and 26 h post-dosing. An additional blood sample was taken every 11th day after drug administration to control for renal and liver functioning. Subjects were instructed to report any adverse physical reactions that they might experience during drug intoxication. No serious adverse reactions emerged.
Cognitive measures
Spatial memory task The spatial memory task (Vermeeren et al. 1995 ) assesses short-term memory for spatial information. The subject is briefly shown a fixation point in the center of the computer screen. Shortly thereafter, a target appears at a random location for 500 ms. The subjects' task is to memorize the location of the target and, using a computer mouse, to relocate the cursor as accurately as possible over that position. The cursor appears either immediately upon target offset or after a delay of 2 or 4 s. The subject depresses the left mouse button to indicate that the cursor is at the recalled position of the target. The test consists of 75 trials, divided equally among the three response delays. The sequence of delays is random. Dependent variables are localization error and reaction time.
Change blindness task The change blindness task (Dornhoefer et al. 2002) assesses visual scene analysis and memory for changes in visuospatial information. The subject is presented a series of 100 photographs of traffic situations. Each photograph is shown for 3 s and followed by a 300-ms blank screen. During the blank period, a fixation dot appears that subjects have to attend to. In the next 3 s, the original photo reappears with or without a superimposed change in the traffic scene. Changes appear in 80% of the cases and half of those are either relevant or irrelevant to traffic (context of change). Fifty percent of the relevant and irrelevant changes occur at a position central or peripheral (location of change) relative to the position of the fixation dot during the blank period. Number of correct detections and reaction time are the dependent variables.
Pharmacokinetics
Blood samples were collected in 5-ml glass tubes containing sodium fluoride and potassium oxalate. After centrifugation at 4,000×g for 10 min, the resultant plasma was transferred to a clean tube and frozen at −20°C until liquid chromatography-mass spectrometry (MS)/MS analysis. The limit of quantification for MDMA, MDA, and ritalinic acid was 1 ng/ml.
Statistical analyses
All statistical analyses were conducted by means of SPSS 11.5 for Windows. Each objective parameter was analyzed using GLM univariate repeated-measures procedures with treatment (three levels) and day of testing (two levels) as main within-subject factors. Additional factors were response delay (three levels) in the spatial memory task and context of change (two levels) and location of change (two levels) in the change blindness task. Separate contrast (drug vs placebo) tests were conducted in case of a significant overall effect of treatment or treatment by day. The alpha criterion level of significance was set at p=0.05.
Results
Spatial memory task ANOVA revealed significant main effects of treatment by day (F 2,34 =3.46, p=0.043) and response delay (F 2,34 =83.56, p<0.001) on localization error. The latter effect reflects increasing localization error as a function of response delay (Fig. 1) . The former effect was further analyzed by means of separate drug placebo contrasts on each day of testing. These revealed that MDMA significantly increased localization error on day 1 (F 1,17 =10.86, p=0.004) as compared to placebo. No differences in localization error were apparent between drugs and placebo on day 2. Reaction time showed significant main effects of drug by day (F 2,34 =6.44, p=0.004), day (F 1,17 =.46, p=0.050), and response delay (F 2,34 =3.42, p=0.044) (Fig. 2) . The interaction effect was further analyzed by means of separate drug placebo contrasts on each day of testing. These showed that MDMA significantly reduced reaction time on day 1 (F 1,17 =7.92, p=0.012) as compared to placebo. No differences in reaction time were apparent between drugs and placebo on day 2.
An additional multiple linear regression analysis was conducted to determine whether other factors independently correlated with localization error in the spatial memory task. The regression analysis was conducted on individual trial data rather than the subject means to achieve maximal statistical power. Each repetition of the spatial memory tests generated 75 individual trials. The total number of trials that entered the equation was determined by the number of subjects × the number of treatments × the number of individual trials in each spatial memory test repetition. Selected factors were reaction time, drug (MDMA or placebo) response delay, trial number, and localization error. Results showed a significant positive correlation of the factors drug and response delay with localization error. Together, these two factors significantly explained about 8% (R=0.289, R 2 =0.083) of the variance in localization error (F 3,2699 Table 2 ). Changes relevant to traffic safety or driver performance were faster and more often detected than changes irrelevant to traffic. Changes in the central field of vision were faster and more frequently discovered than changes taking place in the peripheral field. Treatments did not affect performance. Interactions between treatments and content or location of change also failed to reach statistical significance.
Pharmacokinetics
Plasma concentrations of MDMA, MDA, and ritalinic acid were determined 1.5 (day 1) and 25.5 h (day 2) post-drug administration. Concentrations of MDMA were on average (SD) 113.4 (37.4) and 11.6 ng/ml (9.3), respectively, on days 1 and 2. Concentrations of MDA were on average 2.9 (0.9) and 2.1 ng/ml (1.2), respectively, on days 1 and 2. Concentrations of ritalinic acid were on average 95.9 (78.4) and 22.9 ng/ml (7), respectively, on days 1 and 2.
Discussion
An analysis of variance revealed that a single dose of MDMA caused subjects to perform worse on a simple spatial memory task during the intoxication phase. Subjects displayed larger localization errors and responded faster while under influence of MDMA. These effects were no longer visible during the withdrawal phase. To sort out whether changes in reaction time had contributed significantly to changes in localization error during MDMA intoxication, a multiple linear regression was conducted. It showed that localization error was not correlated with reaction time. MDMA treatment and response delay, however, were correlated and explained about 8% of the variance in localization error. Results from ANOVA and multiple regression together indicate that MDMA is the primary factor underlying spatial memory impairment in the present study. Contextual processing of visuospatial information in the change blindness task was not affected by treatment. Overall, changes relevant to traffic safety or driver performance were faster and more often detected than changes irrelevant to traffic. Changes in the central field of vision were faster and more frequently discovered than changes taking place in the peripheral field. However, spatial memory for changes in location or context was not affected by treatment. This seems to suggest that processing of information conveyed through a variety of spatial locations is not impaired during MDMA intoxication. An alternative explanation, however, might be that the change blindness task is not sensitive to drug effects.
This cannot be totally excluded as this was the first study to apply a change blindness paradigm in a drug trial. However, the task was sufficiently sensitive to pick up on internal task manipulations (i.e., content of change and location of change), which indicates that the task is sensitive to external manipulation such as drug treatment as well. In sum, a single dose of MDMA impaired memory for location in a simple spatial memory task but did not affect processing of contextual information in a complex visuospatial memory task.
The absence of effects of the dopamine transporter blocker (methylphenidate) on performance is interesting. It indicates that MDMA's effect on spatial memory is not due to its action within the dopaminergic system. Though MDMA exerts its effects in the brain through a multitude of transmitter systems, it is generally assumed that MDMA induced memory deficits that are related to changes in serotonergic function (Bolla et al. 1998; McCann et al. 1994; Reneman et al. 2002; Verkes et al. 2001 ). The present data seem to support this general notion. Our data are also in line with results from a study of Luciana et al. (1998) who assessed the effects of a 5HT agonist in a similar spatial memory paradigm as in the current study. Localization error increased after administering fenfluramine, a 5HT agonist. This increased inaccuracy was not due to effects on motor performance, as indicated by the absence of a drug effect on latency. Our results mimic those of Luciana in that we also found increased inaccuracy independent of motor performance. These results together strengthen the notion that 5HT suppletion after serotonergic drugs such as MDMA and fenfluramine produces spatial memory impairment. In addition, support for this serotonin hypothesis also comes from animal studies that have shown impairment of spatial memory after treatment with MDMA (Sprague et al. 2003 ; Broening et al. 2001 ) or d-fenfluramine (Morford et al. 2002 as well. Sprague et al. (2003) subsequently linked the MDMA-induced serotonergic lesions in the hippocampus to deficits seen in spatial memory. The overall conclusion that can be drawn from these animal studies is that 5HT plays a direct or indirect role in the observed deficits in spatial memory after treatment with a 5HT agonist or MDMA.
Other researches studying the effects of methylphenidate on spatial memory performance, however, have shown memory performance improvement in young healthy volunteers (Elliott et al. 1997; Mehta et al. 2000) . Elliott et al. (1997) showed that methylphenidate (20 and 40 mg) improved performance on a spatial span task and a search tokens task as compared to placebo, when the methylphenidate session preceded placebo sessions. These facilitating effects of the drug were determined by the familiarity with the task (novelty of the task) and consequently only showed when subjects received methylphenidate on the first session. Mehta et al. (2000) showed that the size of effect of methylphenidate (40 mg) on spatial memory correlated negatively with the baseline working memory capacity. This capacity was determined by performance on a span task, before administration of the drug. Subjects with lower working memory capacity showed the most improvement on a search tokens test in a positron emission tomography scanner after administration of methylphenidate as illustrated by a reduction in 'between search' errors and task-related reductions in rCBF when on methylphenidate. When comparing the results of these studies with the present results, a few comments can be made. First, cognitive tasks used in the present study were abundantly trained before testing took place so, in contrast to subjects in the study by Elliott et al. (1997) , subjects were already familiar with the tasks. Second, it is likely that the working memory capacity of our subjects was rather high as shown by their excellent performance on the two spatial tasks during placebo treatment. Performance may have been close to maximal, leaving little space for measuring performance improvement when on methylphenidate. Third, both studies used another paradigm than the one used in the present study. A study mentioned earlier by Luciana et al. (1998) showed improvement of performance on the same task as used in the present study, after administration of a dopaminergic agent, bromocriptine. This improvement in performance was only visible after a long memory delay of 8 s and not at smaller memory delays as employed in the present study.
It is noteworthy that spatial memory performance during placebo treatment as well as during MDMA withdrawal was close to maximal in the present study. Subjects in the present study were generally light recreational users of MDMA, which may explain why their spatial memory performance appears relatively well as compared to some of the memory deficits that have been reported in abstinent users (Cole and Sumnall 2003; Parrott 2001) . Studies in abstinent users usually employ light users as well as heavy users of MDMA. Long-term deficits during abstinence have repeatedly been associated with heavy MDMA use and may not have developed in light recreational users of MDMA as in the present study. The present data, therefore, cannot be taken to suggest that persisting spatial memory deficits will never occur during abstinence.
It is concluded that a single dose of MDMA impairs spatial memory for location in a simple spatial memory task but leaves processing of contextual visuospatial information in a more complex task intact.
